The amino acid arginine is fundamentally involved in the regulation of the immune response during infection, inflammatory diseases and tumor growth. Arginine deficiency (e.g. due to the myeloid cell enzyme arginase) inhibits proliferation and effector functions of activated T lymphocytes. Here, we studied intracellular mechanisms mediating this suppression of human T lymphocytes. Our proteomic analysis revealed an impaired dephosphorylation of the actin-binding protein cofilin upon T-cell activation in the absence of arginine. We show that this correlates with alteration of actin polymerization and impaired accumulation of CD2 and CD3 in the evolving immunological synapse in T cell-antigen presenting cells conjugates. In contrast, T-cell cytokine synthesis is differentially regulated in human T lymphocytes in the absence of arginine. While the production of certain cytokines (e.g. IFN-g) is severely reduced, T lymphocytes produce other cytokines (e.g. IL-2) independent of extracellular arginine. MEK and PI3K activity are reciprocally regulated in association with impaired cofilin dephosphorylation. Finally, we show that impaired cofilin dephosphorylation is also detectable in human T cells activated in a granulocyte-dominated purulent micromilieu due to arginase-mediated arginine depletion. Our novel results identify cofilin as a potential regulator of human T-cell activation under conditions of inflammatory arginine deficiency.
Introduction
Cross-talk between the innate and the adaptive immune system is crucially involved in the regulation of the immune response during an evolving inflammatory reaction. This interaction determines the type and strength of proinflammatory effector pathways but is also necessary for the regulated shutdown of the inflammatory response in order to avoid unnecessary and dangerous tissue destruction (1) . Myeloid immune cells use the evolutionarily old regulatory principle of nutrient depletion in order to inhibit activation of the adaptive immune system (2) . Specifically, the availability of the amino acid arginine is regulated by the myeloid cell enzyme arginase that hydrolyses arginine to ornithine and urea (3, 4) . The hepatic isoform arginase I is inducibly expressed in all murine myeloid cells (4, 5) and is constitutively present in human polymorphonuclear neutrophils (6) . Also, myeloid-derived suppressor cells (MDSCs), which expand in response to various different types of murine and human cancers, are known to regulate the antitumoral T-cell response via expression of arginase I (3, 7) .
The intracellular mechanisms that translate amino acid deficiency into the profound suppression of T-cell proliferation and cytokine synthesis remain largely undefined so far. Arginine depletion inhibits human T cell receptor (TCR)f chain expression (8) and suppresses cell cycle progression via inhibition of cyclin D3 (9) . Arginine limitation does not lead to a global shutdown of all activated T-cell functions but induces a biochemical reprogramming of the cell (2) . This is reminiscent of lower eukaryotes that respond to metabolic stress (like amino acid deprivation) via activation of nutrientsensing response modules (10) . It involves phosphorylation and activation of stress kinases like general control nonderepressible-2 (GCN2) kinase with consecutive phosphorylation of the eukaryotic initiation factor (eIF)2a, which finally leads to an inhibition of protein translation (10) . This mechanism mediates murine CD8 + T-cell suppression when tryptophan becomes limiting (11) . In contrast, GCN2 is not involved in the suppression of human NK cell functions in the absence of arginine (12) or murine T-cell proliferation in the absence of a variety of essential amino acids (13) .
In order to detect switches of cellular reprogramming in activated human T cells upon arginine deficiency, we decided to use an unbiased proteomic approach. Upon stimulation of human primary T lymphocytes in the absence or presence of arginine, we analyzed differences of the protein expression patterns. We hypothesized that proteins that were overexpressed or posttranslationally modified in the context of arginine deficiency might actively be involved in the biochemical reprogramming of human T cells in the absence of arginine. Here, we show that activated human primary T cells express higher levels of phosphocofilin in the absence of arginine due to an impaired activation-induced dephosphorylation. The 19-kDa protein cofilin is normally activated by dephosphorylation and induces remodeling of the actin cytoskeleton via its actinsevering and depolymerizing activity (14, 15) . The inhibition of cofilin dephosphorylation in the absence of arginine is associated with altered actin polymerization and impaired formation of the immunological synapse (IS). We also show a complex regulation of cytokine secretion in the context of decreased cofilin dephosphorylation. Our results demonstrate a regulation of the actin cytoskeleton via arginase-induced arginine deprivation and identify cofilin as a potential regulator of human T-cell activation under conditions of inflammatory arginine deficiency.
Methods

Human subjects
Human studies were approved by the ethics committee of the University of Heidelberg and informed consent was obtained from all subjects.
Reagents and cell culture media
If not otherwise stated, chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). N-x-Hydroxy-nor-L-arginine (nor-NOHA) was from Bachem (Bubendorf, Switzerland), PD98059 from Cell Signaling Technology (Danvers, MA, USA). RPMI 1640 medium without arginine (ArgÀ medium) was purchased from PromoCell (Heidelberg, Germany) and supplemented with dialyzed FCS (10% v/v, PAA Laboratories, Pasching, Austria), glutamine, sodium pyruvate, penicillin and streptomycin (all from Invitrogen, Darmstadt, Germany) and MnCl 2 at a physiological concentration (10 lM) to allow for full arginase activity. Arg+ medium: ArgÀ medium supplemented with 1 mM L-arginine.
Antibodies against the following human cell surface or intracellular antigens were used: fluorescently-labeled anti-CD3 (BD Biosciences, Heidelberg, Germany), anti-ERK1/2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), antiphospho-ERK1/2, anti-PKB/Akt and anti-phospho-PKB/Akt, anti-cofilin and anti-phospho-cofilin (Ser 3) (all from Cell Signaling), peroxidase-conjugated goat anti-rabbit IgG from Dianova (Hamburg, Germany).
Isolation of human PBMC and T cells, viability assay
Human PBMC were purified from heparin-anticoagulated peripheral blood of healthy human donors as described (6) . T cells were purified from PBMC by negative selection (MACS technology, Miltenyi Biotec, Bergisch Gladbach, Germany) and were >95% positive for CD3. To analyze apoptosis and cell death, 10 5 human T cells were resuspended in saline containing 0.05% annexin V (Roche Diagnostics, Mannheim, Germany) and 100 ng mL À1 propidium iodide (PI). After incubation at 4°C for 30 min, the cells were analyzed by flow cytometry.
In vitro proliferation assays
Purified T cells (1 3 10 5 /well in 200 ll) were cultured in the indicated media in triplicate in round-bottomed 96-well plates at 37°C and 5% CO 2 . For stimulation, T cells were activated either with paramagnetic microbeads that are coupled with anti-CD3 and anti-CD28 (Invitrogen) or by coincubation with irradiated (30 Gy) Raji B cell lymphoma cells (2 3 10 5 /well in 200 ll) that had been preincubated with Staphylococcus aureus Enterotoxin B (SEB; 1 lg ml À1 ) for 15 min and washed 2x in arginine-free RPMI1640 medium afterward (15) . For proliferation analysis, the cells were pulsed with 1 lCi/well [ 3 H]thymidine (GE Healthcare, Freiburg, Germany) after 48 h and incubated for another 16 h. Cells were harvested on glass fiber filters using an automatic cell harvester and the incorporation of [ 3 H]thymidine was measured in a microplate scintillation counter (PerkinElmer, Waltham, MA, USA) (16) . Alternatively, T cells were labeled with 25 lM CFSE (Invitrogen) for 15 min according to the manufacturer's instructions and subsequently used for cell activation assays. Cells were analyzed by flow cytometry (FL-1) at the indicated time points.
Cytokine determinations: ELISA, intracellular cytokines, multiplex analysis
For cytokine determinations, supernatants of T-cell stimulation cultures (see: In vitro proliferation assays) were harvested at the indicated time points and cytokine concentrations were measured by specific capture ELISA (BD Biosciences). Alternatively, cytokines were quantitated by flow cytometric multiplex cytokine analysis (Bender MedSystems, Vienna, Austria) according to the instructions of the manufacturer. Intracellular IL-2 determination was performed as previously published (17) using anti-human IL-2 PE and anti-human CD69 FITC (both from BD Biosciences).
Detection of F-actin in T cells
Filamentous actin (F-actin) polymerization was determined as previously described (18) . Briefly, cells were stimulated for 48 h in Arg+ or ArgÀ media, fixed in 4% paraformaldehyde in PBS for 10 min at 37°C and permeabilized with 0.3% Triton X-100 in PBS for 10 min at room temperature. F-actin was stained with FITC-labeled phalloidin (SigmaAldrich) in FACS buffer (PBS, 5% FCS, 0.5% BSA), cells were washed in FACS buffer and subsequently analyzed by flow cytometry.
Conjugate assay
The capacity of T cells to form conjugates with antigen presenting cells (APC) was examined using flow cytometry as described (19) . Briefly, primary human T cells (4 Mio ml À1 ) were incubated in medium with or without arginine for 24 h. Thereafter, 100 ll of T cells were mixed with unpulsed or SEB-pulsed Raji B-cells (=APCs, 100 ll at 4 Mio ml À1 in the corresponding medium with or without arginine), quickly centrifuged and incubated for 45 min at 37°C. Cells were fixed with paraformaldehyde (1.5%; w/v) and stained for T cells (CD3-PE, BD Biosciences) and APCs (CD19-PerCP, BD Biosciences). Thus, conjugates are double-stained and located in the upper right-hand quadrant of the corresponding flow cytometric dot plot.
Analysis of immune synapses by multispectral imaging flow cytometry
Conjugates were formed between T cells and SEB superantigen-loaded Raji B cells, that served as APC, as described (15, 20) . Briefly, 1 3 10 6 T cells, that were either untreated or preincubated with arginine-free medium overnight to mimick physiological entry of T cells in an arginine-depleted micromilieu, were mixed in 250 ll of the respective medium for formation of contacts and immediately resuspended in 50-ll cell culture medium. After incubation at 37°C for 45 min, cells were fixed with 4% paraformaldehyde, stained with anti-CD3-PETexasRed (Caltag, Buckingham, UK), anti-CD2-FITC (BD Biosciences) and Hoechst33342 (Invitrogen) to visualize the nuclei as indicated. Merge contains the digital overlay of the CD2 and CD3 staining without the nuclei. Data acquisition (20 000 cells per sample) was performed with an ImageStreamâ-IS100-and data were analyzed with IDEAS 3.0 software (Amnis, Seattle, WA, USA). To find the contact zone between the T cell/APC couple cells, total events were gated on true T cell/APC pairs and a Hoechst dye-dependent valley mask was defined between these cell couples. To specify the mask to the T cells, the valley mask was combined with a T cell mask, which is dependent on the CD3 surface staining. This results in the immune synapse-mask (IS-mask). Thereafter, protein accumulation was calculated as ratio between the mean pixel intensity (MPI) of the respective protein, i.e. CD3 or CD2, in the IS-mask and the MPI of the same protein in the T-cell mask.
Immunoblot analysis and 2D western blotting
Cells were lysed for 30 min at 4°C in lysis buffer (6), cell debris was spun down at 18 000 g for 10 min at 4°C and SDS-PAGE was done as previously described (6), followed by visualization with the ECL plus detection system (GE Healthcare). The relative amount of phosphorylated proteins was calculated from the optical density (OD) of the band corresponding to the phosphorylated protein divided by the OD of the band corresponding to total protein obtained after stripping [incubation for 30 min at 50°C in stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-Cl pH 6.7)] and restaining.
The proteomic analysis was essentially done as previously described (21) . Briefly, cell lysates (110-lg cellular protein) were diluted in 300-ll rehydration sample buffer [7 M urea, 2 M thiourea, 1% CHAPS, 65 mM DTT and 0.2% (w/v) BioLytes (Bio-Rad Laboratories, Munich, Germany)] and subjected to isoelectric focusing (Protean IEF Cell, Bio-Rad Laboratories) using immobilized pH gradient stripes (ReadyStrip IPG Stripes, pH 4-7, 17 cm; Bio-Rad Laboratories). After rehydration, protein separation was performed by a linear voltage slope to 8000 V (total: 125 kVh). Prior to SDS-PAGE, IEF stripes were equilibrated for 30 min in equilibration buffer (6 M urea, 2% SDS, 30% glycerol, 50 mM Tris-HCl pH 8.8) containing 75 mM DTT and an additional 30 min in equilibration buffer supplemented with 216 mM iodoacetamide and a trace amount of bromphenol blue. After separation by SDS-PAGE, proteins were either visualized in the gel by fluorescent SYPRO â Ruby protein staining or by silver staining according to the instructions of the manufacturer (Bio-Rad Laboratories).
Enzymatic in-gel digestion and matrix-assisted laser desorption-ionization time-of-flight mass spectrometry
All chemicals, if not otherwise mentioned, were of HPLC grade purity. Protein spots were manually excised from the gel, transferred into an Eppendorf tube (0.5 ml) and washed with MilliQ-water. All tryptic in-gel digest and mass spectrometry analyses were done at the proteomics core facility of European Molecular Biology Laboratory in Heidelberg according to standard procedures (22) . Proteins were analyzed by matrix-assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) (MALDI micro mx, Waters, Milford, MA, USA) peptide mass fingerprint. After de-salting with Zip-Tips (Millipore, Billerica, MA, USA), the extracted peptide solutions (1 ml) were mixed with 1 ml a-cyano-hydroxycinnamic acid matrix (1 mg ml À1 in 50% acetonitrile, 50% methanol and 0.1% trifluoroacetic acid) and spotted onto a stainless steel target. All data were acquired in positive ion mode over m/z range of 900-3500 in reflectron mode. For each MS spectrum, 40 spectra were integrated. Peak masses were extracted from the spectra and used for protein identification. Data processing was performed with ProteinLynx 2.2 software (Waters). Proteins were identified by searching the peptide lists against the NCBI database with the search engine MASCOT (in-house server, version 2.103, Matrix Science, London, UK).
Statistical analysis
Statistical analysis was done with Instat Software (GraphPad Software, La Jolla, CA). Comparison of two different parameters was done using paired Student's t-test and comparison of three different conditions was done using analysis of variance with Bonferroni correction.
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Results
Impaired dephosphorylation of cofilin upon T-cell activation in the absence of arginine
Arginine deficiency leads to a profound inhibition of human T-cell functions like proliferation and IFN-c synthesis. This inhibition is not due to reduced cytokine gene transcription of human T lymphocytes but rather results from mechanisms acting at the post-transcriptional level (16) . In order to better understand this post-transcriptional down-regulation of human T-cell activation, we directly compared argininedependent human T-cell activation via a proteomic approach. Primary human T lymphocytes were activated by anti-CD3/ anti-CD28-coupled paramagnetic beads in cell culture medium with (+Arg) or without arginine (ÀArg). We verified that T-cell proliferation was completely inhibited upon activation in the absence of arginine (Fig. 1A) . Also, T-cell viability was not impaired by the absence of arginine (Supplementary Figure 1 is available at International Immunology Online), as already demonstrated previously upon cross-linking CD3 only on primary human T cells (16) . After 48 h, the cells were harvested, lysed and the lysates were subjected to 2D gel electrophoresis. As expected, the expression level of most proteins was either unaltered or reduced in T-cell lysates derived from stimulation in ÀArg medium as compared with +Arg medium. On the other hand, in eight separate experiments with T cells from different blood donors, the comparison of silver-or SYPRO Ruby-stained 2D gels derived from T-cell lysates originating from the two alternative activation conditions (+Arg/ÀArg) revealed a protein spot at around 20 kDa that was overrepresented in T-cell lysates from ÀArg activation conditions (Fig. 1B) . The overrepresentation of this protein under conditions of arginine depletion was unique in its reproducibility and magnitude so that we proceeded to study it in more detail. Analysis of the spot by MALDI-TOF MS identified the protein as cofilin. Cofilin is a small (19 kDa) protein that connects T-cell activation via the TCR and costimulatory receptors (like CD28 or CD2) with remodeling of Reproducibly overexpressed proteins in the absence of arginine were analyzed by mass spectrometry. One of these overexpressed proteins was identified as phosphocofilin (marked by the black arrow). One representative 2D experiment (total: eight) is demonstrated. (C) Overrepresentation of phosphocofilin in the absence of arginine in stimulated human T cells was confirmed in independent experiments by western blot using antibodies specific for the phosphorylated form of cofilin and total cofilin protein (independent of phosphorylation). T-cell lysates were obtained as described in (B). ERK1/2 expression is used as additional loading control. One representative experiment (total: six) is shown. (D) Summary of densitometric analysis of western blots from the six individual experiments as described in (C). The OD of phosphorylated cofilin in resting human T lymphocytes before stimulation (0 h) was set to 100% to allow comparison between experiments and the mean 6 SD is shown. (E) Purified human T cells were either untreated or preincubated with arginine-free medium overnight to mimick physiological entry of T cells in an arginine-depleted micromilieu. The cells were then stimulated with anti-CD3/anti-CD28-coupled microbeads in the presence or absence of arginine for 15, 30 or 60 min, as indicated. Phosphorylation of cofilin was determined and analyzed as described in (C) and (D). the actin cytoskeleton (14, 15, 23, 24) . It has actin-severing activity and can thereby promote actin depolymerization. On the other hand, cofilin also generates novel barbed ends at actin monomers and this serves as a prerequisite for actin chain elongation and polymerization. In resting human T lymphocytes, cofilin is present as a phosphorylated protein that gets rapidly dephosphorylated and thereby activated upon TCR and costimulatory triggering of the T cell (25) . Since phosphorylation of cofilin alters its pI so that cofilin and phosphocofilin can be distinguished after IEF (26), we analyzed our 2D gels by western Blot and found that the protein spot corresponded to phosphocofilin (data not shown). We then verified our 2D results in independent stimulation experiments using phosphocofilin-and cofilin-specific antibodies (Fig. 1C) . In six independent T-cell stimulation experiments, we reproducibly detected an impaired dephosphorylation of cofilin upon T-cell stimulation in the absence of arginine. Compared with resting T cells (cofilin phosphorylation: 100%), there was an activation-induced dephosphorylation of cofilin in the presence of arginine to a level of 32 6 20%, while dephosphorylation in the absence of arginine was only to a level of 74 6 19%, amounting to a 62 6 23% inhibition of dephosphorylation due to the absence of arginine (Fig. 1D ). When we analyzed a possible arginine dependence of cofilin dephosphorylation already early after activation (15-60 min), we noted pronounced donordependent differences in the degree of the dephosphorylation response. Due to this donor variability, the trend toward impaired cofilin dephosphorylation in the absence of arginine did not reach statistical significance (Fig. 1E) .
The formation of the IS between human T cells and APC is impaired by arginine deficiency
The impaired dephosphorylation of cofilin should interfere with physiological T-cell activation by an APC. In this process, a specialized interface with an ordered structural organization of membrane and signaling proteins, termed IS, is formed between APC and T cell. This contact zone is rich in F-actin and cofilin-directed reorganization of the actin cytoskeleton is necessary for productive interaction between T cells and APC (27) . In order to analyze the formation of the IS, we first determined if T-cell proliferation is also dependent on the concentration of extracellular arginine when cellular activation takes place in the context of an APC-T cell interaction. Therefore, we pulsed Raji B lymphoma cells with the superantigen SEB and activated human primary T cells by coincubation with these B cell APC in the presence or absence of arginine. The T cells were labeled with CFSE and proliferation of the cells was analyzed by flow cytometry gating on CD3
+ cells within the APC-T cell mixture. Of note, arginine deficiency did not alter T-cell viability (data not shown, 16). In the presence of arginine, T-cell proliferation was detectable upon stimulation with anti-CD3/ anti-CD28-coupled microbeads (which served as positive controls for activation) as well as in the setting of APC/SEBmediated T-cell activation. In contrast, in the absence of arginine, T-cell proliferation was completely inhibited upon antibody based as well as upon APC-based cellular activation ( Fig. 2A) . Since arginine dependency was recapitulated in this APC-T-cell system, we used it to analyze the formation of the IS in the context of arginine deficiency. We first determined if T cell/APC conjugation, a prerequisite for later IS formation, is impaired in the absence of arginine. As shown in the flow cytometry analyses of Fig. 2(B) , T cells form conjugates with APC upon SEB stimulation but they do this independently of extracellular arginine. T cells were then cultured for 45 min with Raji B cells preloaded with or without SEB superantigen. Analysis of T cell CD3 and CD2 accumulation in the contact zones between T cells and APC was done by multispectral imaging flow cytometry (MIFC) (Fig. 2B) . MIFC combines the advantages of a highthroughput flow cytometer and fluorescence microscopy (20) . Upon coincubation of T cells and APC without SEB, we noted a fairly equal distribution of CD2 and CD3 on the T-cell surface membrane (Fig. 2B) . In contrast, in the presence of SEB, a strong polarization of CD2 and CD3 in the contact zone between APC and T cells became apparent (Fig. 2B) . The combined analysis of five different experiments demonstrated a 60.1% increase of combined CD2 and CD3 accumulation in the contact zone between APC and T cells in the presence of arginine. In the absence of arginine, there was only an increase of 26.1% in immune synapse formation between cell couples, corresponding to a 57% inhibition of synapse formation (P = 0.041) (Fig. 2C ).
PI3K and MEK are reciprocally regulated by arginine deficiency
Cofilin activation is regulated by the Ras-PI3K signaling cascade in primary human T cells (28) . Inhibition of MEK or PI3K prevents costimulation-induced and Ras-mediated dephosphorylation of cofilin, demonstrating that the combined activity of MEK and PI3K is necessary for cofilin activation (28) . In order to analyze a possible involvement of MEK or PI3K in the impaired cofilin dephosphorylation due to arginine deficiency, we stimulated primary human T lymphocytes and analyzed the phosphorylation of ERK1/2 (readout for MEK activity) and protein kinase B (PKB)/Akt (readout for PI3K activity) in the presence or absence of arginine (Fig. 3A) . In the presence of arginine, pronounced activation-induced phosphorylation of ERK1/2 was seen, while there was a 77% reduction of activation-induced ERK phosphorylation when arginine was absent (Fig. 3B) . In contrast, arginine deficiency was correlated with PKB/Akt hyperphosphorylation as compared with T-cell activation in the presence of arginine (Fig. 3) . Also, early after T-cell activation (15-60 min), arginine deficiency does not reproducibly alter ERK or Akt phosphorylation (Supplementary Figure 2 is available at International Immunology Online). In summary, impaired cofilin dephosphorylation in the absence of arginine is associated with reduced activity of MEK but increased activity of PI3K after prolonged periods of T-cell stimulation. This finding is highly relevant since full activation of T cells requires sustained (>12-18 h) and stable interaction of T cells with antigen presenting cells (29) .
In order to better understand the relationship between impaired MEK activity, reduced cofilin dephosphorylation and inhibited IS formation in the context of arginine deprivation, we first stimulated T cells in an IS-independent way by Arginine and cofilin 307 PMA and ionomycin. T-cell proliferation was also severely inhibited in the absence of arginine upon PMA/ionomycin stimulation (Supplementary Figure 3A is available at International Immunology Online), as already previously demonstrated (16) . This suppressed T-cell proliferation was also correlated with an impaired dephosphorylation of cofilin in the absence of arginine (Fig. 4) while MEK activity was equally well induced independent of arginine. Secondly, MEK inhibition by the pharmacological inhibitor PD 98059 significantly impaired T-cell proliferation (Supplementary Figure 3B is available at International Immunology Online) and ERK phosphorylation (Fig. 4) while cofilin dephosphorylation was unaltered (i.e. unimpaired in the presence of arginine and still reduced in the absence of arginine) upon MEK inhibition.
Altered F-actin concentration in human T cells exposed to arginine deficiency
Since cofilin is intricately involved in the remodeling of actin by de-and re-polymerization due to its actin-severing activity, the total cellular content of F-actin might be altered in the setting of impaired cofilin dephosphorylation. F-actin can be measured flow cytometrically after staining of cells with fluorescently labeled phalloidin (18) . When human primary T cells were again stimulated for 48 h with SEBloaded APC in the presence or absence of arginine, we reproducibly detected an increased intracellular content of F-actin in cells that were activated in an arginine-deficient environment (Fig. 5A) . Although the relative increase in F-actin content differed between individual experiments with T cells from different blood donors, the combined analysis of all six experiments demonstrated a statistically significant (P = 0.01) increase in F-actin content of 31 6 24% in the setting of complete arginine deficiency compared with T cells stimulated in the presence of arginine (Fig. 5B) .
Differential regulation of cytokine synthesis by arginine availability
Since cofilin-mediated actin re-organization is also crucially involved in cytokine synthesis by human T cells (15), we analyzed T-cell cytokine production in the context of arginine depletion with associated inhibition of cofilin dephosphorylation. We have shown previously that IFN-c secretion is reduced significantly when human primary T cells are activated by anti-CD3/anti-CD28 in the absence of arginine (16) . We now extended our analysis to IL-2 and compared antibody-mediated T-cell activation with APC/superantigenmediated stimulation. A clear-cut difference in the regulation of both cytokines became obvious: while both IFN-c and IL-2 were reduced initially (6 h) in the absence of arginine, this changed fundamentally at later time points of T-cell activation (Fig. 6A) . While IFN-c production remained significantly suppressed in the absence of arginine, IL-2 synthesis was independent of arginine at 48 h (SEB/APC) and 96 h (CD3/CD28 and SEB/APC) (Fig. 6A) . To exclude possible interfering effects by IL-2 consuming rapidly proliferating T cells (in the presence of arginine), we also analyzed IL-2 production intracellularly on a single-cell basis by flow cytometry (Supplementary Figure 4 is available at International Immunology Online). Comparable to our extracellular ELISA results, IL-2 synthesis was slightly impaired early upon stimulation (6 h) but later on there was no difference in IL-2 synthesis any more (Supplementary Figure 4 is available at International Immunology Online).
To extend this analysis further, we measured the argininedependent production of a panel of additional important T-cell cytokines by flow cytometric multiplex analysis (Fig. 6B) . Obviously, T cell cytokines can be grouped into two different categories with regard to arginine sensitivity: while the activation-induced synthesis of IL-2, IL-6 and IL-8 was independent of extracellular arginine, the production of IFN-c, IL-10 and TNF-b was severely compromised in the absence of arginine (Fig. 6B) . Stimulation of T cells with anti-CD3/anti-CD28-coupled microbeads led to qualitatively identical results (data not shown).
Impaired dephosphorylation of cofilin in human T cells upon activation within a purulent micromilieu
We have previously shown that high arginase activity (derived from PMN-released arginase I) can be detected in cell-free human pus supernatant (PUS-SN) (16) . Human T cells (16) and NK cells (12) are severely compromised in their activation-induced functions in cell culture medium that is preincubated with an aliquot of human PUS-SN (final arginase activity: 300 mU ml À1 ; data not shown and (16)). This cellular inhibition can be prevented by addition of the specific arginase inhibitor nor-NOHA during the preincubation, which effectively prevents arginase-mediated arginine depletion. Impaired T-cell proliferation in arginine-deficient Summary of densitometric analysis of western blots from the three individual experiments as described in (A). For each sample, the ratio of the signal intensities from phosphorylated protein relative to total protein was set at 100% for the condition with the highest degree of phosphorylation. All other values of the same experiment were calculated as % values relative to this condition to allow comparison between experiments and the mean 6 SD is shown.
Arginine and cofilin 309 cell culture conditions (ArgÀ or PUS-SN+Arg+) correlates with reduced cofilin dephosphorylation (Fig. 7A) . In three different experiments, cofilin phosphorylation (resting T cells: 100%) was reduced to 23 6 17% in Arg+ medium but only to 58 6 12% in ArgÀ medium (P < 0.05 compared with Arg+ medium) and 63 6 22% in Arg+ medium that was preincubated with PUS-SN (Fig. 7) . Addition of the arginase inhibitor nor-NOHA during the cell culture preincubation with PUS-SN led to consecutive unimpaired cofilin dephosphorylation in activated human T cells (phosphorylation: 37 6 19%; P < 0.05 compared with PUS-SN) (Fig. 7) .
Discussion
Amino acid catabolism has emerged as a powerful mechanism to suppress the inflammatory adaptive T-cell immune response (2, 4) . Physiologically, it operates as a negative control pathway to prevent excessive inflammatory tissue destruction (2, 30, 31) . On the other hand, amino acid depletion is also a central immune escape effector pathway of tumors and microbes (2, 4, 7) . The molecular sensors that translate amino acid deficiency into suppression of complex biochemical effector phenotypes like T-cell cytokine synthesis or proliferation are largely unexplored in mammalian immune cells. Depending on the experimental context and cell type, amino acid depletion is translated into T-cell suppression via down-regulation of the TCRf chain (8) , activation of GCN2 (11) , inhibition of mTOR (13) or decrease of CyclinD3 mRNA stability via impairment of HuR expression (32) . We have now identified a novel player within the T-cell response in the context of amino acid depletion. Cofilin is essentially involved in the process of T-cell activation upon TCR and costimulatory triggering (24, 26) . Human T-cell activation in the absence of arginine (this paper) recapitulates the published phenotype of T cells activated in the presence of specific cofilin inhibitory peptides (15) . While T-cell viability and up-regulation of the early T-cell activation marker CD69 are unimpaired (16) , T cells show profound defects in immune synapse formation (this study), proliferation and synthesis of the cytokines IFN-c (16) and IL-10. This identical functional T-cell phenotype further supports the concept that impaired cofilin dephosphorylation is a key step in the process of T-cell immune suppression due to arginine deficiency.
The actin cytoskeleton is dynamically rearranged during T-cell activation. This includes a massive actin polymerization, dynamic actin de-and re-polymerization as well as actin cross-linking (25) . Each of these steps is pivotal for immune synapse formation and eventually T-cell activation (15, 18, 33) . Cofilin was initially described as actin depolymerizing protein and is thus one key molecule in the dynamic actin de-and re-polymerization cycle. In line with this function, a siRNA-based cofilin knockdown in T cells provoked an increase in the overall F-actin content (18) . It is therefore not unexpected that arginine depletion and, thus, an inhibition of cofilin activation led to an increase of the F-actin content in primary human T cells (Fig. 5) . Functionally, this can be considered as stiffening of the actin cytoskeleton making it inflexible toward activation-induced actin rearrangements. Since T-cell activation demands a flexible actin cytoskeleton (34) , this arginine depletion induced stiffening of the actin cytoskeleton contributes to the impaired T-cell activation under arginine limiting conditions.
Cofilin-dependent actin responses at the T cell-APC contact zone are important for the correct organization of signaling molecules at the IS (27) . We analyzed argininedependent IS formation in our well-established system of primary human T cells and SEB-pulsed B lymphoma cells as APC (15) . This system was combined with high throughput MIFC to analyze single-cell interactions like IS formation on sample sizes that are large and representative enough to reach conclusive quantitative results (20) . Our data clearly show that immune synapse formation is disturbed when T cells are activated in an arginine-deficient micromilieu. The APC cytoskeleton is not necessary for IS formation (35) and B cell cofilin does not concentrate in the IS (15) . Therefore, only the impairment of T cell cofilin activation is likely relevant for the disturbance of IS formation.
In contrast to the suppression of IFN-c and IL-10, we have shown here for the first time that the synthesis of IL-2, IL-6 and IL-8 is not impaired in the absence of arginine (Fig. 6 ). This is in agreement with the fact that cytochalasin, a wellrecognized inhibitor of actin polymerization, has no influence on IL-2 production of human T cells (15) . In contrast to arginine depletion, glutamine deficiency leads to suppression of both IFN-c and IL-2 (36). The molecular basis for this highly specific and differential cytokine regulation upon depletion of different amino acids is currently unclear and needs to be studied further. What is the functional outcome of human T-cell activation in an arginine-depleted, inflammatory microenvironment? While their proliferation is completely shutdown (16) , human T cells should still be able to sustain the innate inflammatory response via secretion of IL-6 as part of the acute phase response, of IL-8 as neutrophil chemotactic factor and of IL-2 as NK cell activating cytokine and this inflammatory response is not inhibited by T cell-derived IL-10 in the absence of arginine. This local T-cell phenotype combines inflammatory efficiency (e.g. against microbial pathogens) with protection against proliferation of autoimmune effector T cells in the context of autoantigen liberation within the inflammatory micromilieu.
In the absence of arginine, MEK activity is severely impaired, while PIK3 activity is enhanced compared with T-cell stimulation in the presence of arginine. These results are in agreement with a well-known negative feedback loop, through which activated mTOR inhibits PI3K activity and consecutively PKB/Akt phosphorylation. Conversely, inhibition of mTOR (e.g. via rapamycin) relieves PI3K inhibition and leads to enhanced PKB/Akt phosphorylation (37) . It remains to be analyzed if the enhanced PKB/Akt phosphorylation in the context of arginine depletion (Fig. 3) is mediated via this mTOR-based negative feedback loop and/or via a novel feedback mechanism involving impaired cofilin dephosphorylation. Our data argue against an upstream causal role of inhibited ERK activity for the impaired cofilin dephosphorylation upon prolonged T-cell stimulation since (i) MEK inhibition does not lead to suppression of cofilin dephosphorylation (Fig. 4) and (ii) PMA/ionomycin stimulation is associated with pronounced and comparable ERK phosphorylation independent of extracellular arginine (Fig. 4) while T-cell proliferation (Supplementary Figure 3A is available at International Immunology Online) and cofilin dephosphorylation (Fig. 4) are both impaired in the absence of arginine.
Besides arginase-mediated arginine depletion, production of reactive oxygen species (ROS) is another important tumor immune escape effector mechanism of murine and human MDSC (7) . We have previously shown that H 2 O 2 -based oxidative stress-mediated human T-cell suppression is due to a structural alteration of cofilin leading to an increased (rather than decreased) CD3/CD28-induced dephosphorylation of cofilin. Interestingly, this cofilin alteration is associated with normal recruitment of the TCR and CD3 to the IS, while LFA-1 association with the IS as well as F-actin depolymerization are inhibited (18) . Also, oxidative stress leads to cofilin translocation into mitochondria with consecutive cell death (33) while T-cell viability in the absence of arginine is unimpaired (16) . In summary, two main effector mechanisms of tumor immune escape-arginine depletion and ROS-interfere with cofilin function in human T cells. Both conformational alteration (ROS) as well as impaired dephosphorylation (arginine deficiency) are associated with suppressed T-cell functions. We conclude that an impaired function of cofilin is a fundamental common mechanism of T-cell immunosuppression upon different forms of cellular stress. A better understanding of this crucial regulatory checkpoint is necessary for a specific intervention in order to prevent or treat unwanted immunosuppression in cancer or chronic inflammation.
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